Purpose: We aimed to explore the effects of low energy availability (EA) (condition x time interaction effect, P=0.17). There were no significant differences in P1NP (P=0.25) or β-CTX (P=0.13) responses between D-RES and E-RES. Both conditions resulted in reductions in IGF-1 (-13% and -23% from BASE in D-RES and E-RES, both P<0.01) and leptin (-59% and -61% from BASE in D-RES and E-RES, both P<0.001); T 3 decreased in D-RES only (-15% from BASE, P=0.002) and PO 4 concentrations decreased in E-RES only (-9%, P=0.03). Conclusions: Low EA achieved through dietary energy restriction resulted in a significant decrease in bone formation but no change in bone resorption, whereas low EA achieved through exercise did not significantly influence bone metabolism. Both low EA conditions elicited significant and similar changes in hormone concentrations.
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Introduction 1
Active individuals may experience low energy availability (EA) though dietary energy restriction, exercise energy expenditure or a combination of the two [1] . Low EA has been associated with low bone mass, impaired bone micro-architecture and increased risk for stress fracture injury [2] [3] [4] [5] . These unfavourable bone outcomes have been highlighted by the Female Athlete Triad [6, 7] and the Relative Energy Deficiency in Sports (RED-S) model [8] . Short-term studies are important for providing insight into the time course over which bone metabolic changes occur, when periods of low EA are initiated [9] [10] [11] . We have previously shown that five days of low EA, at 15 kcal·kgLBM -1 ·d -1 , achieved through dietary energy restriction and exercise energy expenditure resulted in decreased bone formation and increased bone resorption in active, eumeorrheic women, but not men [9] . The individual contribution of exercise and diet on these responses, however, is unknown.
To date, short-term studies (< 7 days) that have compared the effects of low EA by different modalities (i.e., diet vs. exercise or diet vs. diet plus exercise) are lacking, and findings from longterm interventional studies on bone parameters are equivocal. Previous research has shown no skeletal benefits from exercise in weight loss programmes [12, 13] , maintenance of bone mass with either dietary energy restriction and/or exercise-induced energy restriction [14, 15] or amelioration and prevention of weight loss-associated bone loss with the addition of exercise [16] [17] [18] [19] . Notably, these studies have been conducted in middle-aged [13, 16, 17] or elderly [12, 18, 19] overweight and obese populations, but no previous study has been performed in active, eumenorrheic women. Most trials have compared diet to diet plus exercise [12, 13, 18 ], but few have compared diet to exercise alone [16, 17] . and have utilised exercise protocols suitable for obese/overweight (i.e., exercise of lower intensity or exercise modes offering no or limited osteogenic stimulus, such as walking and cycling), 
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rather than active individuals. Given that active individuals practise periods of intense training resulting in high exercise energy expenditure, which is not accompanied by an increase in dietary energy intake and/or severely restrict their dietary energy intake during non-training days or the offseason [1, 20] , it would be valuable to explore the effects of low EA, attained by diet or exercise, on bone metabolic responses in this population.
Low EA has been associated with changes in metabolic and reproductive hormones [4, 5, 9, 10] , which may depend on the way in which low EA is achieved [21] [22] [23] . Acute energy deficit (approximately 800-1200 kcal·d -1 ) achieved via dietary energy restriction results in decreased peptide YY and increased ghrelin concentrations, but no compensatory alterations occur after exerciseinduced energy deficit [21, 22] . In contrast, leptin and insulin appear to be similarly reduced in response to low EA achieved through dietary restriction alone or combined with exercise [24] . Further evidence from studies on anorexia nervosa and functional hypothalamic amenorrhoea suggest that low EA, regardless of origin, results in oestrogen deficiency with negative consequences for bone health [23] . A systematic approach to simultaneously determine changes in bone metabolism, metabolic and reproductive hormone responses to diet-and exercise-induced low EA in women with normal bone health and reproductive function is lacking.
The aim of this study was to examine and compare the effects of low EA, at 15 kcal·kgLBM -1 ·d -1 , achieved by either dietary energy restriction or exercise energy expenditure on bone turnover markers in active, eumenorrheic women.
Methods
Participants
Ten eumenorrheic women ( [25] .
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Experimental design
The study utilised a randomised (Latin square design), crossover design. Participants completed all three experimental conditions; energy-balanced, controlled EA (CON), low EA through diet (D-RES) and low EA through exercise (E-RES) (Figure 1. ). Participants attended an initial preliminary visit (P) to establish inclusion criteria, take baseline measurements and determine their fitness level. They also completed a 3-day habitual dietary intake assessment (H1-H3).
Participants notified the researchers at the onset of menstruation (D1), which indicated the first day of the experimental study. On the next morning (D2), a blood sample was collected and Participants performed a sub-maximal incremental test and a VO 2 peak test on a motorised treadmill, (HP Cosmos, Germany) using the protocol of [26] , to establish the relationship between running speed and oxygen consumption during level running. Expired gas samples were continuously collected and analysed by a breath-to-breath automated gas analysis system (ZAN, nSpire Health, Germany). The running speed at each stage of the speed lactate incremental test was plotted against oxygen consumption (mL·kg· -1 min -1 ) to determine the sub-maximal relationship between speed and oxygen consumption and, in combination with VO 2 peak , was used to estimate the running speed corresponding to 70% VO 2 peak at 0% gradient for the experimental exercise protocol. All participants were given accelerometers and food weighing scales (Home Digital Kitchen Scale, UK) to record lifestyle energy expenditure and habitual dietary energy intake over a 3-day lead in period (H1-H3; 
Habitual Dietary Energy Intake and Lifestyle Energy Expenditure
Participants weighed and recorded food intake during H1-H3 to provide information about their habitual dietary energy intake. Dietary analysis (macronutrient composition in g and % of total dietary energy intake) was performed by using Microdiet™ software. Participants wore an accelerometer multiplied by a scaling factor to account for differences in LBM compared to the reference individual.
All meals were weighed to the nearest 1g (Home Digital Kitchen Scale, UK) and were packaged by the study investigators. Adherence to the diets was verbally confirmed throughout the protocol by asking the participants whether they consumed the pre-packaged food items in the quantities provided.
A multivitamin, multi-mineral supplement (A -Z Tablets, Boots, Nottingham, UK-nutritional information of this product is available online: http://www.boots.com/boots-a-z-90-tablets-10149653) was supplied during D-RES to provide adequate micronutrient intake.
Exercise energy expenditure
In E-RES only, participants completed exercise sessions that resulted in an exercise energy expenditure of 30 kcal·kgLBM -1 ·d -1 . Participants ran on a flat treadmill while being continuously supervised. Exercise intensity was controlled by setting the treadmill speed to achieve 70% of VO 2 peak for each participant and exercise was administered in 15-minute bouts, with 5-minute rest periods between bouts. Small adjustments in running speed were made throughout the running protocol to maintain the exercise intensity at 70% of VO 2 peak . To increase compliance, the total duration of the exercise per day was split into two sessions of equal duration. Expired gases were continuously ACCEPTED MANUSCRIPT
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collected and analysed using a breath-by-breath analyser (ZAN 600, nSpire Health, Germany). The required duration of exercise was determined using the oxygen uptake values and respiratory exchange ratio during the first exercise session (D3) and gas analysis was not performed during the remainder of the exercise sessions (D3 afternoon-D5) to enhance compliance. Outside of the prescribed exercise, participants were instructed to refrain from exercise and perform only sedentary activities.
Storage and analyses of blood samples
Blood samples were obtained at the same time of day for each participant and between 07.30-08. in serum.
Biochemical analysis
β-CTX, P1NP, PTH, T 3 and 17β-oestradiol were measured using electro-chemiluminescence immunoassay (ECLIA) (Roche Diagnostics, Burgess Hill, UK) on a Cobas e601 analyser. Inter-assay coefficient of variation (CV) for β-CTX was <3% between 0.2 and 1.5 µg·L -1 with sensitivity of 0.01 µg·L -1 . P1NP inter-assay CV was <3% between 20-600 µg·L -1 with a sensitivity of 8 µg·L -1
. PTH inter-assay CV was <4% between 1-30 pmol·L -1 with a sensitivity of 0.8 pmol·L -1 . Sclerostin was measured using an enzyme-linked immunosorbent assay (ELISA) supplied by Biomedica GmbH (Vienna Austria) with a sensitivity of 2.6 pmol·L -1 , which was established from precision profiles (22% CV of duplicates) and had a CV of <15% across the range 25-95 pmol·L -1 . T 3 inter-essay CV was <1% 
Statistical analysis
Based on the results of our previous low EA study [9] in active women, in which low EA was achieved by a combination of dietary restriction and exercise energy expenditure, the present study was powered to detect a change in P1NP (pre: 70.1 ± 15.1 mg·L -1 ; follow-up after 3-days: 60.1±11.6 mg·L -1 , P<0.0001) due to low EA achieved by dietary energy restriction or exercise energy
expenditure. An a priori power calculation determined that 8 women were required to achieve 80% power at P<0.05. Statistical analysis was carried out using Statistica 13.0 (Statsoft, USA). All data were checked for normality according to the Shapiro-Wilk test and logarithmic transformations were employed for non-normally distributed data prior to statistical analyses. Baseline biochemistry and body mass prior to each experimental condition were compared with one-way repeated measures ANOVA, to assess for differences at baseline. A two-way, repeated measures ANOVA was
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performed to assess differences between the experimental conditions (CON, D-RES and E-RES) over time (BASE, D6) for body mass, bone turnover markers, markers of calcium metabolism, metabolic and reproductive hormones. Significant main or interaction effects were followed by Tukey's posthoc analysis. Data are presented as mean±1SD and effect sizes (Cohen's d; small ≥ 0.20, medium ≥ 0.50, large ≥ 0.80) [28] are reported. Statistical significance was accepted at the 5% level.
In addition to the statistical analysis performed on the whole data set, the individual responses of the bone turnover markers to D-RES and E-RES were also explored. To be considered a responder, β-CTX concentrations at D6 in D-RES or E-RES were >BASE (100%), > β-CTX concentrations at D6
in CON together with a difference >3% to account for CV of β-CTX assay. For P1NP, responders were identified if P1NP concentrations at D6 in D-RES or E-RES were <BASE (100%), <P1NP
concentrations at D6 in CON together with a difference >3% to account for CV for P1NP assay.
Results
Baseline biochemistry and body mass
There were no significant differences in any bone turnover marker, marker of calcium metabolism, metabolic or reproductive hormone between CON, D-RES and E-RES at BASE (all P-values 0.25-0.90) ( Table 2. ). There were no differences in body mass prior to CON, D-RES and E-RES (CON:
60.9±7.0 kg, D-RES: 61.5±7.0 kg, E-RES: 61.1±6.3 kg; P=0.48). 
Body mass
Bone turnover markers
Mean β-CTX concentrations were inceased at D6 compared to BASE (main effect of time, P=0.044).
No difference was shown for β-CTX concentrations between CON, D-RES and E-RES (main effect of
condition, P=0.13) at any time point (condition x time interaction effect, P=0.17) ( Table 2. ).
Mean P1NP concentrations were decreased at D6 compared to BASE (main effect of time, P<0.001), but did not differ across conditions (main effect of condition, P=0.25). The condition x time interaction effect approached significance (P=0.052) (Figure 2 ., Table 2 .). Post-hoc analysis showed that P1NP concentrations at D6 decreased by 17% from BASE in D-RES (P<0.001, d=0.91) and were lower than P1NP concentrations in CON at the same time point (P<0.001; d=0.71). In E-RES, P1NP
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concentrations at D6 were not significantly different from BASE (-8% from BASE, P=0.14, d=0. 30) or from concentration at D6 in D-RES (P=0.10, d=0.43) ( Table 2. ).
Markers of calcium metabolism
Mean PTH concentrations decreased with time (D6<BASE; main effect of time, P=0.02). PTH responses were not different between experimental conditions, as indicated by a non-significant main effect of time (P=0.21) and no condition x time interaction effect (P=0.90) ( Mean insulin concentrations remained unchanged over time (main effect of time, P=0.14) and did not differ by condition at any time point, as suggested by a non-significant main effect of condition (P=0.44) or any condition x time interaction effect (P=0.07) ( Table 2. ). Table 2. ).
Metabolic and reproductive hormones
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Individual analysis
Individual responses for β-CTX and P1NP, as well as altered bone metabolism due to increased β-CTX, decreased P1NP or both, in D-RES and E-RES trials are presented in Figure 1 . 167.0± 72.1 
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Discussion
The effects of low EA on bone health in active individuals have received widespread attention in recent years due to the potential for stress fracture injury and long-term consequences for the development of osteoporosis [2, [6] [7] [8] . Most experimental studies have focused on low EA achieved by a combination of diet and exercise [9, 10, 30] , whereas much less is known about the impact of low EA achieved by diet or exercise individually. By using a within participant design, our study findings
show that 3-days of low EA achieved by dietary energy restriction resulted in a reduction in bone formation (P1NP, P<0.001, d=0.91), but had no effects on bone resorption. Low EA achieved by exercise energy expenditure did not significantly affect β-CTX or PINP, our measured markers of bone resorption and formation. Both low EAs were accompanied by similar reductions in metabolic hormones, suggesting that these may precede changes in bone turnover markers.
The significant P1NP reduction (-17% from BASE), with no further change in β-CTX, shown in response to low EA achieved via dietary energy restriction, may reflect the degree of EA reached in this study and the short duration of low EA exposure (3 days). Ihle and Loucks [10] showed that bone resorption increased following a 5-day experimental period at the most severe level of low EA at 10 kcal·kgLBM -1 ·d -1 , but it remained unaffected at EA of 20 kcal·kgLBM -1 ·d -1 . The importance of the level of energy restriction for bone metabolism is also supported by a previous short-term fasting study (4 days), which resulted in synchronous reductions of bone formation (assessed by osteocalcin and P1CP-carboxyl-terminal propeptide of procollagen type I) and bone formation assessed by urinary pyridinoline and deoxypyridinoline [11] . Furthermore, in non-obese adults, 12-month exposure to 25% restriction of dietary energy intake resulted in greater increases in CTX and tartrateresistant acid phosphatase (markers of bone resorption) and bone-specific alkaline phosphatase (marker of bone formation), but not P1NP [31] . Comparisons between studies are, however, difficult to make, due to differences in study population, duration and selection of bone turnover markers [10, 11, 32] . We measured P1NP for bone formation, and β-CTX for bone resorption, which are the reference standard markers in the published literature [33] .
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In our previous study [9] ·d -1 did not significantly alter bone formation (-8% from BASE in P1NP) or bone resorption (+12% from BASE in β-CTX). Our exercise intervention involved 2-2.5 h of running at a moderate intensity (70% VO 2 peak ) for 3 consecutive days, which is a common training routine followed by some active populations [34, 35] . Our participants were physically active and habitually performed moderate and vigorous exercise, they were, however, unaccustomed to such a prolonged duration of daily running over consecutive days. Some osteogenic effects due to the nonhabitual duration and frequency of mechanical loading on weight bearing sites may have occurred [36] and counterbalanced local bone loss due to low EA in other skeletal sites (e.g., non-weight bearing sites). In our study the indirect assessment of bone metabolism (by measuring bone turnover markers in blood samples), provides insight into systemic, rather than localised, effects of low EA.
There were no significant differences between the diet-induced and exercise-induced low EAs. It is uncertain, if the responses in bone turnover markers shown for diet-induced and exercise-induced low EA would persist over time or whether we were unable to capture any differences due to the short duration of our experimental protocol. Analysis of changes in bone turnover markers for each individual showed that 8 out of 10 and 5 out of 10 participants experienced increased β-CTX, decreased P1NP or both in the diet-and exercise induced low EA trial; suggesting that a subset of women may adversely respond to low EA, especially following low EA achieved by dietary energy
restriction. Further research should expand upon the present study by comparing the effects of low EA achieved by dietary restriction, exercise energy expenditure, and a combination of both.
Whilst we have no comparable data from short-term studies in active individuals, observational studies suggest that mechanical loading exerts beneficial effects on the skeleton, which may counteract some of the unfavourable effects of low EA [37] [38] [39] [40] . For instance, dancers with amenorrhea (presumably energy deficient) have greater BMD at weight bearing sites (e.g., proximal femur, lumbar spine) compared to girls with anorexia nervosa with similarly low body mass, but both groups experience comparable bone loss at non-weight bearing skeletal sites [40] . Athletes participating in weight sensitive, non-weight bearing sports (e.g., cyclists, jockeys) are at a greater risk for developing low bone mass than those partaking in weight bearing activities (e.g., boxers;
gymnasts) [37, 38, 39] . Collectively, these findings suggest that mechanical loading through exercise Reductions in IGF-1, leptin, T 3 and insulin, indicative of energy conservation, were shown following the low EA conditions in the present study, which is in agreement with those of short-term energy deficiency experiments [9] [10] [11] 24] . Specifically, decreases in IGF-1 and leptin were shown independently of whether low EA was achieved by diet or exercise. Decreases in T 3 , however, occurred in the diet-induced low EA condition only and insulin decreased following exercise-induced low EA only. When comparing diet-and exercise-induced low EAs, there were no differences in regulatory hormone concentrations, which is in line with previous findings in a study in active men using the same level of low EA (15 kcal·kg LBM -1 ·d -1 ) achieved through diet only or combined with exercise [24] .
Neither low EA condition caused a significant change in 17β-oestradiol concentrations. These results are in line with our 17β-oestradiol findings following 5 days at the same level of low EA achieved by dietary energy restriction combined with exercise in active women [9] . In contrast, a 15% reduction in 24-h mean oestrogen concentrations that occurred in parallel with an increase in bone resorption
[urinary N-terminal telopeptide] was reported following 5 days of low EA, attained through diet and exercise at 10 kcal·kgLBM -1 ·d -1 , but not 20 kcal·kgLBM -1 ·d -1 [10] . The discrepancies between the studies may in part be due to our less severely reduced EA (15 vs. 10 kcal·kgLBM
) or blood sampling schedule (single sample vs. 24-h frequent blood collection) [10] . LH pulsatility and testosterone concentrations, not determined in the current study, may also be negatively affected in response to low EA [45, 46] . LH pulsatility was suppressed following 5 days of EAs at 10 and 20 kcal·kgLBM -1 ·d -1 , with these findings suggesting that changes in gonadotrophins secreted by the anterior pituitary may occur prior to changes in ovarian production of oestrogen in states of energy deficiency [45] . In this study, we purposefully chose the follicular phase phase of the menstrual cycle because oestrogen levels are less variable compared to other phases of the menstrual cycle.
Furthermore, the initiation of this phase of the menstrual cycle can be easily identified (i.e., first day A C C E P T E D M A N U S C R I P T of bleeding). Future studies should explore different phases of the menstrual phase (e.g., ovulation, luteal) or include women with different menstrual status (i.e., amenorrheic or oral contraceptive users), while measuring more reproductive hormones (i.e., LH pulsatility and testosterone) in relation to bone-related outcomes.
Restriction of bone-related macronutrients (i.e., protein) or micronutrients (i.e., calcium) during periods of energy restriction may contribute to changes in bone metabolism [47] . Herein the variability in macronutrient distribution within and between participants was eliminated by feeding our participants with the same food items and dietary composition. We also provided a multi-mineral, multi-vitamin supplement in the diet-induced low EA trial only to limit the influence of changes in micronutrient provision. There was, however, a small reduction in PO 4 , when low EA was achieved by exercise energy expenditure. Changes in systemic PO 4 can have an impact on PTH secretion, with [48] showing that alterations in PO 4 precede changes in PTH. That said, PTH did not change in the exercise-induced low EA condition, maybe due to the small PO 4 changes or because of the short timeframe of the study.
Conclusions
The decrease in bone formation with low EA achieved by diet, but not by exercise alone, suggests that efforts to protect bone health should possibly focus on improving diet and not by modulating exercise levels. Future studies with a longer duration of reduced energy availability and a larger sample size should confirm these findings and identify the mechanisms that mediate low EA effects on bone turnover markers, since leptin and IGF-1 responded similarly to both conditions in this study.
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Highlights
 We explored the effects of low energy availability (EA) achieved by diet or exercise on bone metabolism in active women.
 Low EA achieved by dietary energy restriction (3-days) resulted in decreased bone formation, but did not influence bone resorption.
 Low EA achieved by exercise energy expenditure did not affect bone metabolism.
 No differences in bone metabolic responses were shown between diet-and exerciseinduced low EAs within the timeframe of this study.
